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Abstract 
The typical shape of a capillary-pressure curve is either convex (e.g., Brooks-Corey model) or S-shaped (e.g., van 
Genuchten model). The difference between the two models occurs in the representation of the capillary entry 
pressure. This difference does not lead to significantly different simulation results when modeling CO2 sequestrations 
in aquifers without considering CO2 dissolution. However, we observe that the van-Genuchten-type capillary-
pressure model accelerates CO2 solubility trapping significantly compared with the Brooks-Corey-type model. For 
the representative examples we study, the differences can be so large as to have complete dissolution of the CO2 
plume versus persistence of over 50 % of the plume over a 5000-year period. Most CO2 sequestration simulations in 
the literature employ one of the two capillary-pressure models, and it is important to recognize that these two 
representations lead to very different predictions of long-term CO2 sequestration. 
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1. Introduction 
The dissolution of the CO2 in the formation water, also known as CO2 solubility trapping, is an 
important CO2 trapping mechanism in the post-injection period of CO2 sequestration (CCS) in deep 
aquifers. Modelling solubility trapping requires accurate description of CO2 plume migration and 
saturation distribution. Capillary pressure (Pc) is one of the major driving forces of fluid migration in 
CCS, especially during the post-injection period. Therefore, an accurate representation of the Pc is crucial 
for modelling CO2 solubility trapping, and hence long-term CCS. 
Usually, a Pc curve is either S-shaped (e.g., van Genuchten model [1]) or convex (e.g., Brooks-Corey 
model [2]), as illustrated in Figures 1(a) and (b). The two models represent the entry of the nonwetting 
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phase into the porous medium differently. While the Brooks-Corey model uses a plateau that ends with a 
nonzero capillary entry pressure, the van Genuchten model uses a steep slope that connects the end-point 
(usually zero) to the plateau region. The end-point is defined as Pc (Sw = 1). We refer the entry-pressure 
representation in Figure 1(a) as van-Genuchten-type (VG-type), and that in Figure 1(b) as Brooks-Corey-
type (BC-type). We name the region around the end-point in VG-type models the ‘entry slope’ region. 
The height of this region is the pressure difference between the plateau and the end-point, and its width is 
given by a ‘threshold’ nonwetting-phase saturation, Snt, as illustrated in Figure 1(a). Note that in the VG-
type model, the Pc (Sw = 1) can be zero as in Figure 1(a), or nonzero. 
The capillary pressure curves measured in 
the laboratory using mercury porosimetry 
usually have an entry-slope region similar to 
Figure 1(a), though Pc (Sw = 1) is usually 
nonzero. Consensus has not been reached about 
whether the entry-slope should be ignored or 
honored when interpreting the measurement 
results. Ignoring the entry-slope amounts to 
applying a BC-type representation, while 
preserving it amounts to a VG-type 
representation.  
Here, we show that the representation of the capillary entry pressure can affect the rate of CO2 
solubility trapping significantly, even when the width of the entry-slope region (Snt), is made very small. 
Many authors have simulated CCS in aquifers [3-6]. To our knowledge, the sensitivity of CO2 solubility 
trapping to the representation of the capillary entry pressure (i.e., VG-type versus BC-type curves) has not 
been investigated. We note that the van Genuchten capillary-pressure model is almost exclusively used in 
the simulations performed by TOUGH2, a simulator widely used in modelling CCS [7].  
Analytical methods and high-resolution simulations have been used to model the density-driven 
convective mixing, which is an important process in CO2 solubility trapping [8,9]. To our knowledge, in 
most of these and related works, Pc is neglected. Although recent work has investigated the role of the 
capillary transition zone [10], the impact of using different capillary-pressure models on CO2 solubility 
trapping is missing. Here, we investigate the influence of the capillary pressure on CO2 solubility 
trapping, with particular emphasis on the representation of the entry-pressure region.  
2. Simulation Model 
The aquifer model used in this study is a 2D vertical cross-section (in the x and z directions) of the 
model proposed in [11], which is used as a benchmark for long-term CCS simulations. The 2D model is 
illustrated in Figure 2, where the size of the aquifer and the location of the injection well are also marked. 
The aquifer has a dip of 1%, and it is deep enough such that the injected CO2 is in supercritical phase, 
which is immiscible with the resident water. The top and bottom are no-flow boundaries. The initial in-
situ pressures at the left and right boundaries are held constant. The grid information is listed in Table 1. 
The drainage relative-permeability (kri, i = w, n) and Pc curves provided in [11] are used here, namely, 
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Figure 1: Capillary entry-pressure representations: (a) van-
Genuchten-type (VG-type) representation; (b) Brooks-
Corey-type (BC-type) representation. 
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The subscript w and n denote the wetting (water) and 
nonwetting (CO2) phases, respectively. Equation 2 is 
a Brooks-Corey capillary-pressure curve. The 
irreducible water saturation (Swi) is 0.2, and the 
capillary entry pressure (Pc,e) is 0.2 bar. Note that the 
critical gas saturation (Snc) in the relative-
permeability curves is assumed to be zero. The rock 
properties, salinity, and the depth of the injection 
well are the same as those used in the benchmark 
model, and they are summarized in Table 1. 
The aquifer is initially fully saturated with water 
under hydrostatic equilibrium. Pure CO2 is injected 
from the well at a rate of 9000 metric tons per year. 
The injection lasts for 20 years. The simulated time 
period is 5000 years. All the simulations in this 
study were performed using an Equation of State 
(EOS) based compositional simulator, namely, the 
Stanford General Purpose Research Simulator 
(GPRS) [12,13]. The simulation input of the Pc 
curve is in tabular form, making it easy to change 
the entry-pressure representations. The Fully 
Implicit Method (FIM) was used in all the 
simulations. The simulations shown here do not 
account for hysteresis in either the Pc or the relative-
permeability curves. We have performed simulations 
accounting for hysteresis, and have confirmed that 
the findings reported here will not be altered. 
3. Simulation Results 
3.1. Base case 
 The base case simulation uses the VG-type 
capillary entry-pressure representation (Figure 1a). 
Specifically, the entry-pressure region of Equation 2 
is transformed from BC-type into VG-type, with     
Pc (Sw = 1) of zero. The Snt is set as 0.005. The rest of 
the curve remains unchanged. 
Figure 3 illustrates the distributions of the CO2 
saturation (Sn) and the mole fraction of CO2 in the 
aqueous phase (xCO2) over time. Because it is lighter 
than water, the injected supercritical CO2 rises to the 
top of the aquifer and migrates upward and to the 
up-dip direction. As CO2 dissolves into the water, 
the plume becomes thinner and eventually disappears completely. The density of the water increases as 
more CO2 dissolves in it. This ultimately causes the heavier water to sink downward into the lighter CO2-
free water in the form of convective fingers that transport CO2-saturated water deep into the aquifer. 
 
Figure 2: Sketch of the aquifer model. 
Table 1: Properties of the aquifer model. 
Name Value 
Grid number Nx = 150, Ny = 1, Nz = 40 
Gridblock size dx = dy = 100 m, dz = 1.25 m 
Permeability kx = ky = kz = 100 md 
Porosity F  = 0.15 
Depth at the well 3025 m 





Figure 3: Base case simulation results: Sn and xCO2 
distributions over time.  The white arrows indicate the 
locations of the plume tip.  
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3.2. Capillary entry-pressure representation 
Keeping all other parameters unchanged, simulations are performed using different representations of 
the capillary entry pressure. The Pc curves are shown in Figure 4. The curve labeled ‘BC-type’ is the 
original Equation 2. The curves ‘Snt = 0.005’ (Base Case) and ‘Snt = 0.0005’ employ a VG-type 
representation based on Equation 2 with their corresponding Snt values. The ‘Silin’ curve is a VG-type Pc 
model from Equation A.1 of [14], where the fitting parameters A = B = 0.2 bar, 1 = 0.5, and 2 = 9. This 
model is similar to the van Genuchten model, but its entry-slope is steeper. All four curves in Figure 4 are 
very similar, except for the small difference near Sw = 1. 
These apparently small differences in the Pc curves lead to very large differences in the long-term 
predictions. Figures 5(a) and (b) plot the travel distance of the plume tip and the plume volume versus 
time. While the ‘Snt = 0.005’ case (Base Case) indicates that 
complete dissolution of the CO2 plume occurs after 4000 
years, less than half of the injected CO2 has dissolved in the 
‘BC-type’ case. In addition, the simulation results are 
sensitive to the steepness of the entry-slope. The plume 
disappearance is fastest for the ‘Silin’ case, and slowest for 
the ‘BC-type’ case. We also observed such strong sensitivity 
of the long-term simulation results to the capillary entry-
pressure representation using industrial reservoir simulators. 
We note that the sensitivity to the capillary entry-pressure 
representation is not obvious during the injection period, but 
is quite important in the long post-injection period. 
Note that although differences in the fluid pressure due to 
using different entry-pressure representations are present, 
such differences ( b 0.2 bar) are negligible compared with 
the overall fluid pressure level (about 300 bar), and they are 
very unlikely to affect the thermodynamic properties of the 
CO2 and water, including CO2 solubility in water. 
It is important to note that such sensitivity to the entry-
pressure representation is not observed when dissolution is 
not modelled. Figures 6(a) and (b) show the travel distance 
and the extent (measured from tail to tip) of the CO2 plume, 
if CO2 is not allowed to dissolve in water. The simulation is 
terminated when the CO2 plume reaches the right boundary. 
As illustrated by the figures, the capillary entry-pressure 
representation has almost no impact on the results when 
dissolution is not modelled. 
4. Cause of the Problem 
Here, we investigate why different entry-pressure 
representations can affect the rate of CO2 solubility trapping.  
4.1. Gravity-capillary equilibrium 
In the storage formation, the injected CO2 flows upward due to buoyancy, accumulates beneath the  
Figure 4: Different representations of the 
capillary entry pressure. 
 
 
Figure 5: The sensitivity of simulation results 
to different entry-pressure representations: (a) 
Distance that plume tip travelled vs. time; (b) 
Plume volume vs. time. 
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impermeable caprock, and forms a capillary transition zone. 
The column height of the transition zone and the saturation 
distribution depend on the interaction between buoyancy and 
capillary forces. The pressures of the CO2 and water, and the 
Pc can be written as: 
( ) | ( ),
cw w z h w c
P z P g h zR    (3a) 
( ) | ( ),  
cn n z h n c
P z P g h zR    (3b) 
( ) ( ) ( ),c n wP z P z P z   (3c) 
where z is the depth measured positive downward from the top 
of the storage formation, and hc is the column height. Knowing 
Pc (z) from Equation 3 and the capillary-pressure-saturation 
relationship, the CO2 saturation distribution in the transition 
zone under gravity-capillary equilibrium can be computed 
analytically as a function of depth, if the total amount of CO2 
in the transition zone, V, is given. The dimensionless variable 
V is defined as 1/ ( )dnV H S z z ° , where H is the thickness 
of the aquifer. 
Analytical results and high-resolution numerical 
simulations were performed using different capillary entry-
pressure representations. CO2 dissolution is not modelled here. 
The simulation domain is a 1D vertical column of 50 m (i.e., H 
= 50 m). Each gridblock is 1 cm in size, for which numerical 
diffusion effects are negligible. Two Pc curves, namely, the ‘Snt 
= 0.005’ and the ‘BC-type’ cases in Figure 4, are compared. 
The CO2 and water densities are n = 727 kg/m3 and w = 982 
kg/m3, and the viscosities are n = 0.070 cP and w = 0.342 cP, 
respectively, all evaluated at the formation pressure and 
temperature described earlier. The permeability kz is 100 md, 
the porosity is 0.15, and the relative-permeability curves are 
defined in Equation 1.  The top boundary is impermeable, and 
the initial pressure at the bottom boundary is held constant. 
The total amount of CO2 in the transition zone, V, is fixed as 
0.0128. Initially, the CO2 saturation in the top 0.8 m of the 
domain is Sn = 1 – Swi = 0.8, below which Sn = 0 (such that V = 
0.0128). This corresponds to the sharp-interface assumption, 
which ignores the Pc effects. Since Pc is considered here, the 
CO2 column height is expected to expand from the initial 
condition. The simulation stops when gravity-capillary 
equilibrium is reached.  
The CO2 saturation distributions under gravity-capillary 
equilibrium for the two entry-pressure representations are 
shown in Figure 7. The analytical and numerical solutions 
agree perfectly. While the column height of the transition zone 
in the ‘BC-type’ case is 2.96 m, the total column height in the 
‘Snt = 0.005’ case is 10.91 m. The additional column height is 
composed of very small amount of CO2 saturation, because Snt 
 
Figure 6: Simulation results for different 
capillary entry-pressure representations 
when dissolution is not modelled: (a) 
Distance that plume tip travelled vs. time; 




Figure 7: CO2 saturation distribution 
within the transition zone under gravity-
capillary-equilibrium: (a) ‘BC-type’ case; 
(b) ‘Snt = 0.005’ case. The shaded area is 
the CO2 plume. 
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is only 0.005. For simplicity, hereafter we refer to this low-CO2-saturation column height below the CO2 
plume as a ‘saturation tail’. This tail only occurs when the Pc curve employs a VG-type representation. 
When Snt is small, the length of the ‘saturation tail’ can be approximated by: 
[ ( 1) ( 1)] / [( ) ],VG BC BC VGc c c w c w w nh h P S P S gR R z      (4) 
where the superscripts BC denotes BC-type representation, and VG denotes VG-type representation.  
As long as the CO2 plume has enough CO2 to supply the saturation tail, the length of the tail is not 
influenced by the thickness of the plume. Because the tail is composed of very small amount of CO2, it 
can form even if the plume is thin. The tail is longer when the density contrast between the resident water 
and the supercritical CO2 is low, which is usually the case in deep storage formations. The influence of 
the tail becomes increasingly evident as the CO2 plume migrates under the caprock and becomes stretched 
and thinner over time. We reiterate that the saturation tail is not a numerical artefact – it is corroborated 
by analytical calculations and fine-grid simulations. Although the total column heights for the two cases 
are dramatically different, the mass of CO2 in the saturation tail is so small that it almost has no impact in 
simulations that do not account for dissolution. Figure 6 illustrates this point. 
However, for long-term CCS simulations, where CO2 dissolution is modelled, the CO2 delivered to the 
long saturation tail quickly dissolves in water. The tendency toward gravity-capillary equilibrium keeps 
delivering CO2 to sustain the tail, which will quickly dissolve again. The cycle repeats, facilitating CO2 
dissolution. Figure 8 illustrates the evolution of the CO2 column subject to dissolution. The CO2 solubility 
(expressed as mole fraction, xCO2) is 0.0254. All other properties, model grid, and the boundary conditions 
are unchanged. The initial condition is the same sharp-interface condition as before, and the water in the 
initial two-phase region is fully saturated with dissolved CO2. The amount of the dissolved CO2 is 
characterized by the dimensionless variable CO21/ ( )dC H x z z ° , where H = 50 m. As indicated in 
Figure 8, for the ‘Snt = 0.005’ case, CO2 keeps being transferred from the CO2 plume to the underlying 
water through the saturation tail, facilitating the dissolution of the plume. Eventually, much more CO2 is 
dissolved in the ‘Snt = 0.005’ case compared with the ‘BC-type’ case.  
An important element in the CO2 relative-permeability curve is the critical CO2 saturation (Snc, see 
Equation 1). It is defined as the minimum CO2 saturation that allows the CO2 to flow in the porous 
medium for a drainage process. If Snc is larger than Snt (width of the entry-slope region, see Figure 1a), the 
saturation tail will not form, due to zero mobility of the CO2. However, laboratory measurements of CO2-
water drainage relative-permeability curves suggest that Snc can be close to zero [15]. It is difficult in 
practice to measure the Snc accurately through a typical core flood experiment. More importantly, the CO2 
relative permeability at Sn = Snt = 0.005 is only O(10-7) (as calculated from Equation 1) in the simulations 
described above. However, even with such very low CO2 mobility, the saturation tail is still able to grow 
and to influence the simulation results in the long term. Therefore, when the VG-type representation is 
used, the simulation result is very sensitive to the value of Snc. 
4.2. Density-driven convection 
In multiple dimensions, convective mixing of the heavier CO2-rich and the lighter CO2-free water is 
expected to take place, and the mixing behavior can be influenced by the presence or absence of a 
saturation tail. Although many authors have studied the convective mixing problem [8-10], to our 
knowledge, the focus of most of these and related papers is limited in single-phase (CO2-rich and CO2-
free water) region. The Pc effects are either neglected or modelled as a boundary condition. The influence 
of different Pc models is never discussed.  
Here, fine-grid, 2D, two-phase numerical simulations were performed to investigate the effect of the 
entry-pressure representation. The porous medium is 10 m × 50 m in the x and z directions (i.e., L = 10 m, 
H = 50 m), and each gridblock is 0.1 m × 0.1 m. All the properties, initial condition, and top and bottom  
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boundary conditions are the same as the simulations that 
produce Figure 8. The CO2 diffusivity in water is 10–9 
m2/s [11]. The left and right boundaries are periodic, 
which amounts to rolling up the domain about a vertical 
axis and connect the left boundary to the right. Different 
entry-pressure representations are employed based on 
Equation 2. The simulation results are compared in 
Figure 9, which shows the development of convective 
fingers after 10 years. The amount of the dissolved CO2 
is characterized by the dimensionless variable 
CO21/ ( ) ( , )d dC LH x x z x z ° ° . The VG-type 
representation clearly yields more CO2 dissolution than 
the BC-type representation. Figure 9 is produced using a 
first-order, two-phase simulator, and it provides a rough 
qualitative comparison. While not as accurate as high-
order simulations, this is adequate to demonstrate the 
importance of the entry-pressure representation on 
convective mixing. Performing high-order multiphase 
simulations is exceptionally challenging, and to our 
knowledge, all of the high-order simulations in the 
literature that model the convective mixing are for 
miscible single phase flow. 
5. Concluding Remarks 
The typical shape of a capillary pressure (Pc) curve is 
either convex (e.g., Brooks-Corey model) or S-shaped 
(e.g., van Genuchten model). The difference between the 
two models occurs in the representation of the capillary 
entry pressure. When modelling long-term CCS, the two 
entry-pressure representations produce similar results 
when CO2 dissolution is ignored. However, when CO2 
dissolution is modelled, we observe that the van-
Genuchten-type (VG-type) representation significantly 
accelerates the rate of CO2 solubility trapping, compared 
with the Brooks-Corey-type (BC-type) representation. 
The cause of this phenomenon is studied in this paper.  
Capillary pressure curves measured in the laboratory 
tend to be VG-type, which has an entry-slope region. 
Consensus has not been reached regarding whether to 
ignore the entry-slope region when interpreting the 
measurement results. The intention of this work is not to 
argue whether the entry-slope is real in natural system. 
The intention is, however, to point out that the VG-type 
Pc model, which is widely used in modelling long-term 
CCS, will cause accelerated CO2 dissolution, compared 
with the BC-type model. This has not been reported in 
 
Figure 8: Development of the capillary transition 
zone for different entry-pressure representations 
(dissolution is modelled): (a) column height (hc); 
(b) amount of dissolved CO2 (C). 
 
 
Figure 9: Impact of different entry-pressure 
representations on density-driven convection: (a) 
BC-type representation; (b) Snt = 0.005; (c) Snt = 
0.01; (d) Snt = 0.02. (b)(c)(d) are VG-type 
representations. 
 Boxiao Li et al. /  Energy Procedia  37 ( 2013 )  3808 – 3815 3815
the literature. The entry-pressure representation depends not only on the Pc model, but also on the 
simulator design. For example, while a BC-type curve is provided in either functional or tabular form, the 
simulator may actually implement an entry-slope representation which leads to enhanced dissolution. The 
simulator user needs to be aware of the type of implementation of capillary entry-pressure representation 
to understand how this affects the rate of dissolution. In addition, we should note that the VG-type 
representation brings several challenges. First, the simulation results are very sensitive to the steepness of 
the entry-slope and to the Snc value. The Snc can be very small for CO2-water system and can be difficult 
to measure accurately. Second, the steepness and the curvature introduced by the entry-slope often pose 
serious challenges to the nonlinear solver of a simulator, making the computation highly inefficient. 
Using a convex capillary-pressure model, such as a Brooks-Corey model, is computationally 
straightforward, and it leads to conservative estimates of the amount of CO2 solubility trapping. 
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